An important goal for the treatment of cocaine addiction is to identify neuromarkers that can predict individual vulnerability to relapse after abstinence. There is some evidence that individual reactivity to cue-induced craving may predict subsequent relapse after a period of abstinence. Here we sought to identify the neuronal correlates of this predictive relationship in rats. Rats were trained to self-administer cocaine (6 h) for 16 days to induce escalation of cocaine intake. Then rats underwent a 1-month period of forced abstinence after which they were re-exposed to cocaine self-administration (6 h) for 8 additional days to induce re-escalation of cocaine intake. We recorded nucleus accumbens (NAc) neuronal responses to drug conditioned stimuli (CS) 1 day before and after 1 month of abstinence from cocaine intake escalation. Rats were ranked according to their individual percentage of CS responsive neurons recorded during the last day of abstinence and split by the median into two groups. We found evidence for a robust, incubation-like increase in NAc reactivity to cocaine cues after abstinence only in a subset of individuals (High CS rats). Importantly, compared with other rats that did not present an incubation of NAc reactivity to cocaine cues (Low CS rats), High CS rats were faster to re-escalate their intake of cocaine after abstinence. In addition, after re-escalation, they worked harder and were less sensitive to risk of punishment than Low CS rats, indicating a strengthened motivation to seek and/or take the drug in that group of rats. Overall, these findings indicate that incubation of NAc neuronal reactivity to cocaine cues during abstinence may constitute a predictive neuromarker for individual vulnerability to relapse.
INTRODUCTION
An important goal for cocaine addiction research is to identify neuromarkers that can be used as reliable predictors of vulnerability to relapse after prolonged abstinence. There is some evidence that individual reactivity to cue-induced craving may predict subsequent relapse after a period of drug abstinence (Dackis and O'Brien, 2001; Gawin, 1991; Sinha et al, 2000) . At the neurobiological level, there is cumulative evidence that individual differences in brain responses to drug-associated cues may predict relapse. However, the origins of these differences in behavioral and neuronal reactivity to drug cues are unclear. In particular, it is not entirely clear whether they originate from initial differences in drug histories and/or some other processes that occur during abstinence. Here we sought to address this question using an animal model of relapse.
Previous research has shown that, like in humans, cues that are closely associated with cocaine self-administration (referred to as conditioned stimuli, CS) can gain through Pavlovian conditioning the ability to elicit and maintain drug seeking after abstinence (See, 2002; Shalev et al, 2002) . More importantly, this conditioned ability can considerably increase with the duration of the abstinence period (Conrad et al, 2008; Grimm et al, 2001; Lu et al, 2004) . As no external event or process seems to be required, this timedependent increase in drug-seeking behavior has been attributed to an incubation-like process. At the neurobiological level, this incubation process is associated with an increasing reactivity of accumbal (NAc) neurons to cocaineassociated cues (Conrad et al, 2008; Ferrario et al, 2011; McCutcheon et al, 2011) , as well as to an increasing proportion of NAc neurons that phasically respond to cocaine-related behavior (Guillem et al, 2014; Carelli, 2005, 2007) .
These observations strongly suggest that incubation-like increase in NAc neuronal reactivity to cocaine cues could constitute a predictive neuromarker for subsequent vulnerability to relapse. To address this question, we re-analyzed data from a recently published study (Guillem et al, 2014) . Specifically, we looked at individual differences in abstinence-induced incubation of NAc neuronal reactivity to a visual cue that was previously associated with escalation of cocaine intake. Then we looked at how these differences in incubation-like increase in conditioned neuronal reactivity were associated with postabstinence re-escalation of cocaine self-administration and associated changes in drug motivation and resistance to risk of punishment.
MATERIALS AND METHODS

Animal and Surgery
Male Long-Evans rats (n = 10) were surgically prepared with a catheter in the right jugular vein and an array of 16 tefloncoated stainless steel microwires in the NAc core and shell subregions (AP: +0.7 to +2.7 mm, ML: ± 0.8 to ± 2.2 mm relative to bregma, and DV: − 6.8 to − 7.2 mm relative to level skull) as previously described in detail elsewhere (Guillem et al, 2014) . Rats were initially housed two per cage. After surgery, they were housed individually in a temperature-and ventilation-controlled environment under a reversed 12 h light/dark cycle.
Experimental Stages and Procedures
Behavioral procedures were carried out in operant chambers equipped with a retractable lever, a house light mounted on the ceiling, a signal light above the response lever, a white noise-generator, and a tone generator (Med-Associates, St. Albans, VT). Rats underwent three successive stages of drug self-administration: (1) escalation of cocaine intake with extended drug access, (2) forced abstinence, and (3) postabstinence re-escalation of cocaine intake (Figure 1a) , as described in detail elsewhere (Guillem et al, 2014) . Briefly, during the first stage, rats were allowed to press the operant lever to self-administer cocaine during 16 consecutive 6-h sessions. Session onset was signaled by illumination of the house light and insertion of the retractable lever. Each reinforced lever-press was followed by an intravenous cocaine injection (ie, 0.75 mg/kg per injection, free base, in 0.2 ml over 7.5 s) and was signaled by turning on for 10 s a cue light above the lever (conditioned stimuli (CS)). Then rats underwent a 30-day abstinence period during which drug access was interrupted and rats remained in their home cages. Finally, after abstinence, rats were re-exposed to 6-h access to cocaine self-administration, as during the initial escalation stage, for 8 additional days to induce re-escalation of cocaine intake.
Recording Sessions and NAc Neuronal Responses
In our original study (Guillem et al, 2014) , we reported NAc neuronal responses to the cocaine-paired visual cue after escalation of cocaine self-administration but not after abstinence. In addition, these responses were averaged across all individuals. Here we looked more specifically at how NAc neuronal responses to the cocaine cue undergo an incubation-like process after abstinence and how individual variation in this process is associated with subsequent vulnerability to re-escalate cocaine self-administration and associated change in drug motivation and resistance to risk of punishment. To this end, we recorded phasic NAc neuronal reactivity to the cue at different times: (1) during habituation to the self-administration chamber and thus before any drug exposure (Hab); (2) during the last session of cocaine intake escalation (Esc); and, finally, (3) during the Incubated NAc reactivity to cocaine cues predicts relapse K Guillem and SH Ahmed last day of abstinence, 24 h before the re-escalation stage (Abs) ( Figure 1a ). Voltage signals from each microwire were recorded, amplified up to 32 000 × , processed, and digitally captured using commercial hardware and software (Plexon, Dallas, TX) as previously described (Guillem et al, 2014) . The average number of electrodes from which NAc neurons were recorded was 7.1 ± 0.4. All recording sessions included an initial cue-probe phase to assess NAc phasic neuronal responses to the drug-associated stimuli presented alone (CS responsive neurons). During the cue-probe phase, the CS was presented 10 times on a variable-interval schedule with an average inter-trial interval of 2 min. Each neuron was tested for a phasic change in firing time-locked to the presentation of the CS (CS responsive neurons). Neural phasic responses to the CS were characterized by a significant change in firing during the 10-s CS vs a 10-s control period before CS onset (background) using a z-score statistics (po0.05). Z-scores were calculated as (X − B)/SD where X is the mean firing rate during the CS, B is the mean firing rate during the background period, and SD is the standard deviation of the background activity. For each animal and recording session (ie, Hab, Esc and Abs), we determined the percentage of CS responsive neurons. The percentage of CS responsive neurons was then averaged across rats to obtain a mean ( ± SEM) percentage value. Changes in the percentage of CS responsive neurons were assessed using parametric ANOVA statistical analyses.
Histological procedures were used to identify the location of all wire tips used to record neurons as previously described (Guillem et al, 2014) . Coronal sections showing the location of microwires from which NAc neurons were recorded are shown in Figure 1b . Though we tested for an effect of NAc subregion in the present manuscript, the small number of rats per group (n = 5) was insufficient for reliable statistical analysis.
Behavioral Measurements of the Motivation For Cocaine
Progressive ratio procedure. To assess eventual differences in the motivation to self-administer cocaine at the end of the re-escalation stage, all rats were tested under a progressive ratio procedure during one session (PR, Figure 1a ). This session was conducted 24 h after the last session of reescalation. The FR response requirement for reinforcement was increased according to the following quasi-exponential progression: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, etc. (Richardson and Roberts, 1996 ). The PR session ended when no drug delivery occurred during 1 h or after 6 h has elapsed, whichever came first. The last completed ratio at the end of the session, called the breaking point, was used as an index of cocaine motivation.
Punishment procedure. Resistance to risk of punishment was measured 72 h after the PR session (Punishment, Figure 1a ) (Kearns et al, 2002; Vanderschuren and Everitt, 2004) during 2 consecutive 2-h sessions of cocaine selfadministration: a non-punished session followed 24 h later by a punished session. The punished session began with a warm-up, non-punishment period during which rats were allowed to self-administer 10 consecutive doses of cocaine under a regular FR1 schedule of reinforcement. Thereafter, completion of the FR requirement resulted in the random delivery of a cocaine injection alone or a cocaine injection plus a mild electric footshock (0.4 mA, 2 s). Thus the risk or probability of punishment was 50%. The effect of punishment was measured by comparing the rate of cocaine selfadministration during the punished session with that during the non-punished session. The difference in drug selfadministration rate between these two sessions served as an operational measure of the persistence of drug taking: the shorter this difference, the higher the persistence.
RESULTS
NAc neuronal activity was recorded at three different times:
(1) during habituation to the self-administration chamber and thus before any drug exposure (Hab); (2) during the last session of cocaine intake escalation (Esc); and, finally, (3) during the last day of abstinence, 24 h before the reescalation stage (Abs) (Figure 1a) . Importantly, in order to determine NAc phasic neural responsiveness to drugassociated stimuli (CS responsive neurons), each recording session was preceded by a cue-probe phase during which the Incubated NAc reactivity to cocaine cues predicts relapse K Guillem and SH Ahmed cocaine cue was presented alone. This design allowed us to measure basal NAc neuronal reactivity to cues before the onset of cocaine intake. The total data set consisted of 256 NAc neurons (Hab: 96 neurons, Esc: 81 neurons, Abs: 79 neurons). Of these neurons, 25% (64/256) responded to the CS presentation during the cue-probe phase. Most of these CS responsive neurons (78%, 50/64) phasically increased their firing rate, while only a small fraction (22%; 14/64) phasically decreased their firing. Importantly, the percentage of excitatory CS neurons increased between the first two phases and the last day of abstinence (9/96, 8/81, and 19/79; Chi-square test: χ 2 = 6.81; po0.05), while the percentage of inhibitory CS neurons remained unchanged (2/96, 6/81, and 6/79; χ 2 = 3.1; NS). Therefore, all subsequent analyses were conducted on excitatory CS responsive neurons.
We first determined incubation-like increase in NAc neuronal reactivity after abstinence by calculating the percentage of NAc phasic neuronal responses to cues during the cue-probe phase performed on the last day of abstinence. Rats were ranked according to their individual percentage of CS responsive neurons recorded during the last day of abstinence and split by the median into Low and High CS groups (n = 5/group) (Figure 2a) . Although the percentage of CS responsive neurons did not change during cocaine intake escalation, it considerably increased after abstinence but only in High CS rats (phase × group: F(2,16) = 3.4; po0.05; Tukey po0.001) (Figure 2b ). We next assessed whether the higher level of CS responsive neurons seen in High CS rats could be predictive of an increased propensity for cocaine intake escalation (Figure 2c ). ANOVA analysis revealed that cocaine intake escalation was different between the two groups of rats (day × group: F(23,184) = 2.0; po0.01). Further analysis indicated that cocaine intake gradually increased during cocaine self-administration sessions during the escalation (day effect: F(15,120) = 32.4; po0.001) and the re-escalation phases (day effect: F(4,56) = 16.8; po0.001) in both Low and High CS rats. However, though not different during the escalation phase (group effect: F(1,8) = 2.4; NS), High CS rats self-administered more cocaine than Low CS rats during the re-escalation phase (group effect: F(1,8) = 5.3; po0.05), indicating that a higher incubated NAc reactivity to cocaine cues predicts an increased re-escalation of cocaine self-administration after abstinence. Importantly, on the last day of escalation that preceded abstinence, both groups selfadministered the same total number of cocaine injections (F (1,8) = 0.6; NS) and initiated the first lever pressing with the same latency (F(1,8) = 1.9; NS), suggesting that postabstinence differences between High and Low CS rats did not preexist but rather built up during prolonged abstinence.
Because cocaine addiction is also characterized by a persistent increase in the motivation to seek and take the drug even after prolonged abstinence, we next assessed whether the incubation-like increase in NAc neuronal reactivity to the cocaine cues in High CS rats was associated with changes in the motivation for cocaine after abstinence. We used a progressive ratio schedule in which the number of responses (ratio) to obtain one drug injection progressively increases within the session, and we measured the breakpoint, the last ratio completed, which is considered a reliable index of the motivation for the drug (Figure 3a) . We found that High CS rats worked harder than Low CS rats to obtain the drug as revealed by a higher breaking point for cocaine (F (1,8) = 8.4; po0.05) and obtained more cocaine injections (F (1,8) = 9.0; po0.05). Finally, we assessed whether the incubation-like increase in NAc neuronal reactivity to the cocaine cues in High CS rats was associated with altered resistance to punishment. We measured the persistence of the animal in taking cocaine when it was signaled that its delivery would be associated with risk of punishment of 50% (Figure 3b ). We found that High CS rats exhibited a higher resistance to risk of punishment (F(1,8) = 5.1; po0.05). Although the number of cocaine injections dropped during the punished session compared with baseline non-punished session in Low CS rats (po0.05), it remained stable in High CS rats, indicating that a higher NAc neuronal reactivity to cocaine cues predicts an increased propensity to continue to seek and/or obtain the drug after abstinence. Further investigations of the relationship between the incubationlike increase in NAc neuronal reactivity and drug-related behavior after abstinence revealed that the percentage of CS responsive neurons after abstinence was positively correlated with an increased re-escalation of cocaine intake (r = 0.66; po0.05; Figure 4a ), an increased motivation for the drug (r = 0.76; po0.05; Figure 4b) , and an increased resistance to Figure 3 Increased cocaine-seeking behaviors in High CS rats. (a) Mean ( ± SEM) number of the final ratio attained (breakpoint) and mean ( ± SEM) number of cocaine injections under a PR schedule of reinforcement after abstinence in Low (gray bars) and High CS (white bars) rats. (b) Mean ( ± SEM) of cocaine injections during a basal non-punished (BL) and punished sessions (Punish) in Low (gray bars) and High CS (white bars) rats. Each dot represents individual data point. *po0.05, significant difference relative to Low CS animals. +po0.05, significant difference relative to BL non-punished session.
Incubated NAc reactivity to cocaine cues predicts relapse K Guillem and SH Ahmed punishment after abstinence (r = 0.74; po0.05; Figure 4c) . Importantly, the percentage of CS responsive neurons at the end of the escalation phase did not predict subsequent changes in drug-related behavior after abstinence, suggesting that the predictive effects of the incubation-like increase in NAc neuronal reactivity were selective. Specifically, individuals with CS responsive neurons above the median during the last session of escalation did not show increased reescalation of cocaine intake (F(1,8) = 1.8; NS), increased drug motivation (F(1,8) = 0.11; NS), or increased resistance to punishment (F(1,8) = 0.14; NS) compared with individuals with a ESC neuronal score below the median (data not shown).
DISCUSSION
Drug-associated stimuli can themselves act as powerful incentives promoting renewed drug seeking and taking after extinction or prolonged abstinence (de Wit and Stewart, 1981; Shaham et al, 2003) . Therefore, we characterized NAc neuronal activity in response to non-contingent drugassociated cue presentation before and after 1 month of abstinence. Consistent with previous findings (Conrad et al, 2008; Hollander and Carelli, 2005) , we found that incubation of cocaine seeking is associated with an increase in NAc neurons that encode drug-associated stimuli. However, there was some individual variability in the heightened NAc responses to cocaine cues. Specifically, a subgroup of rats (ie, High CS rats) showed a robust increase in NAc reactivity after abstinence, whereas another group did not (ie, Low CS rats). Most notably, increased NAc reactivity to drugassociated cues predicted an increased propensity to relapse into cocaine intake escalation after abstinence. That is, High CS rats with a higher postabstinence proportion of CS responsive neurons re-escalated their cocaine intake to a greater extent than Low CS rats. After re-escalation, High CS rats also worked harder and were less sensitive to risk of punishment than Low CS rats, indicating a strengthened motivation to seek and/or take the drug in that group of rats. Moreover, this incubation-like increase in NAc neuronal reactivity was positively correlated with both an increased reescalation of cocaine intake and an increased motivation for the drug after abstinence. Importantly, during escalation of cocaine intake that preceded abstinence, each subgroup of rats selfadministered the same total number of cocaine and showed the same percentage of CS responsive neurons. Thus the difference in incubation-like increase in NAc neuronal reactivity observed between the two groups cannot be explained by a preexisting difference in drug consumption or in initial neuronal reactivity to drug-associated cues. Rather, the increase in NAc neuronal reactivity in High CS rats appears to build-up during prolonged abstinence. This interpretation is further supported by the fact that the percentage of CS responsive neurons at the end of the escalation phase did not predict subsequent changes in drugrelated behavior after abstinence. At this stage, lack of evidence of a similar incubation-like process in neuronal reactivity in Low CS rats may be interpreted variously. It may indicate that Low CS rats are resilient to incubation-related neuronal processes during abstinence. However, one cannot rule out that such process did occur but eventually quickly recovered to normal within 1 month of abstinence. Alternatively, it is also possible that such process is slower to develop in Low CS rats and thus requires a longer period of abstinence to emerge. Future research with repeated measurement of NAc neuronal reactivity to drug CS during abstinence will be required to disentangle these different possibilities.
Though the cellular and synaptic mechanisms underlying heightened NAc cue reactivity after abstinence from cocaine have been thoroughly studied (Wolf, 2016) , little is known about their functional significance. We have previously hypothesized that rats left undisturbed in their home cage during prolonged abstinence may rehearse their past experience with cocaine, thereby consolidating cocaine seeking-related memories (Guillem et al, 2014) . This hypothesis is generally consistent with the fact that relapse can be attenuated by behavioral enrichment of the home cage during abstinence in rats and mice (Chauvet et al, 2009; Thiel et al, 2012) . Accordingly, engagement in alternative activities during abstinence would divert, at least partly, animals from rehearsing their past experience with cocaine. Future research is needed to determine whether and to what extent behavioral enrichment of the home environment can impact the incubation-like increase in NAc neuronal reactivity seen here in High CS rats.
The identification of predictors of relapse is of high interest in human addiction research (Franken and Hendriks, 1999; Hattenschwiler et al, 2000; Miller, 1996) . Figure 4 Correlations between the percentage of CS responsive neurons and changes in behavior after abstinence in Low (gray circles) and High CS (white circles) rats. The percentage of CS responsive neurons was highly correlated with (a) an increased re-escalation of cocaine intake, (b) an increased motivation of the drug, and (c) an increased resistance to punishment after abstinence.
Currently, addiction research is focusing more on the role of neurocognitive predictors (Garavan and Hester, 2007; Goldstein and Volkow, 2011) . For instance, attentional bias, which refers to the automatically enhanced cognitive processing of drug-related (salient) stimuli compared with neutral (non-salient) ones has recently been associated with craving (Field and Cox, 2008; Franken, 2003) and shown to predict vulnerability to relapse into cocaine addiction (Carpenter et al, 2006; Marhe et al, 2013) . Brain regions that have been found to be associated with attentional bias in addiction include the anterior cingulate cortex (Luijten et al, 2012; Luijten et al, 2011) , the dorsolateral prefrontal cortex (Hester and Garavan, 2009; Luijten et al, 2012; VollstadtKlein et al, 2012) , and subcortical regions, such as the NAc (Nestor et al, 2011) . Consistent with this, we found that the incubation of NAc reactivity to drug cues predicted subsequent vulnerability to relapse into cocaine intake escalation.
In conclusion, this study shows that postabstinence increase in NAc cue reactivity represents a neurobiological marker that predicts the vulnerability to relapse after prolonged abstinence and suggests that assessment of NAc cue reactivity during abstinence may help to identify individuals at risk for relapse. The development of strategies to reverse, compensate, or prevent abstinence-induced increase in NAc neuronal reactivity may eventually prove useful to further improve relapse prevention.
